In Split-SUSY with BRpV we show that the Gravitino DM solution is consistent with experimental evidence on its relic density and life-time. We arrive to this conclusion performing a complete numerical and algebraic study of the parameter space, including constraints from the recently determined Higgs mass, updated neutrino physics, and BBN constraints to NLSP decays. The Higgs mass requires a relatively low Split-SUSY mass scale, which is naturally smaller than usual values for reheating temperature, allowing the use of the standard expression for the relic density. We include restrictions from neutrino physics with three generations, and notice an impact on the gravitino decay via the atmospheric neutrino mass scale. We calculate the neutralino decay and find it consistent with BBN. We mention some implications on indirect DM searches.
Introduction
Current measurements from the Large Hadron Collider (LHC) are starting to put stringent bounds on the supersymmetry (SUSY) spectrum and cross sections. In particular, the bounds on the masses of scalar particles are reaching the TeV scale. For instance, ATLAS and CMS constraints on inclusive squark and gluino searches in scenarios with conserved R-Parity and neutralino LSP can be found in [1, 2] , in which ATLAS excludes squark masses up to 1.7 TeV in mSUGRA/CMSSM scenarios for mg = mq. Scenarios considering R-Parity violation (RpV) have been recently investigated in [3, 4] , in which CMS excludes top squark masses below 1020(820) GeV depending on the specific RpV couplings. Also, long-lived squark and gluino R-hadrons have been studied in [5, 6] , in which CMS excludes top squark masses below 737(714) GeV depending on the selection criteria. Notice that gluino bounds are similar in magnitude and even harder than squark constraints. However, sleptons are in general less constrained. In the chargino-neutralino (weakino) sector, the constraints from direct production are less stringent because production cross sections are weaker. For instance, ATLAS and CMS constraints on chargino and neutralino masses in R-Parity conserved with gaugino LSP have been investigated in [7] [8] [9] [10] [11] [12] and R-Parity violating models are studied in [13, 14] . Without loss of generality, weakinos which are much lighter than 1 TeV are still allowed.
Having this in mind, in this work we consider a nowadays empirically attractive flavor of SUSY, which is denominated Split Supersymmetry (Split-SUSY) [15, 16] . In this setup the mass of scalars except for the Higgs boson are placed universally at the scale m, which is high enough in order to account for collider bounds on squarks and sleptons. Concerning the gaugino sector, we require moderate weakino masses and a relatively heavier gluino. Nonetheless, a detailed study of LHC constraints on Split-SUSY is beyond the scope of this work. Preliminary studies on this direction can be found in [17] [18] [19] [20] [21] [22] [23] [24] . In Split-SUSY since m ≫ 1 TeV the Higgs mass has to be fine-tuned. Nevertheless, in the original articles it is argued that there is a much larger fine-tuning associated to the cosmological constant. It is also worth to recall that this model retains interesting properties, such as gauge couplings unification, naturally suppressed flavor mixing and a dark matter candidate. Furthermore, considering that ATLAS and CMS collaborations have reported the observation of a Higgs-like particle [25, 26] , it has been shown that in Split-SUSY it is possible to accommodate the observed Higgs mass [27] [28] [29] [30] , which imposes some constraints in the plane ( m, tan β).
Concerning the neutrino sector, it has been shown that square mass differences and mixing angles can be reproduced in Split-SUSY by introducing BRpV terms plus a gravity inspired operator [31] . In this work we study this approach using updated data on neutrino observables [32] . Consequently, the presence of these BRpV terms implies that the lightest Split-SUSY neutralino is overly unstable and therefore unable to play the role of dark matter. On the bright side, we show that the neutralino life-time is short enough in order to avoid Big Bang Nucleosynthesis (BBN) restrictions [33] [34] [35] [36] .
In order to account for the dark matter paradigm, we extend the Split-SUSY with BRpV model by adding a minimally coupled gravitino sector. We consider that gravitinos are thermally produced during the reheating period which follows the end of inflation, for which we mostly follow [37, 38] . We show that, as long as m is small enough in comparison to the reheating temperature T R , the standard expressions for the thermal gravitino relic density are still valid in our scenario. This is due to the fact that Split-SUSY is equivalent to the MSSM at energy scales greater than m. Interestingly, this condition on m is quite consistent with the requirements obtained from the computations of the Higgs mass. Let us note that there are other Split-SUSY models, where Higgsinos are also heavy [29] , where it is possible to accommodate larger values of m with the Higgs mass. Thus, we use the standard expressions for the gravitino relic density, but considering the Split-SUSY RGEs [16] for the parameters involved, in order to verify that this model reproduces the current values for the dark matter density [39] . Moreover, taking into account the R-Parity violating gravitino-matter interactions we address the finite gravitino life-time in detail. It becomes important to compute this quantity because we need a meta-stable dark matter candidate. It is also necessary to contrast the gravitino decay, together with their branching ratios to different final states, against experimental constraints coming from indirect dark matter detection via gamma rays, electron-positron pairs, neutrinos, etc. [40, 41] . Since the gravitinos considered in our work are very long-lived, their potential effects in the early universe [42] [43] [44] are not further studied.
The paper is organized as follows. In Section 2 we summarize the low energy Split-SUSY setup together with the main features concerning the computation of the Higgs mass, neutrino observables and the neutralino decay. In Section 3 we explain the details about the computation of the gravitino relic density and show that it is equivalent, up-to RGE flow of the parameters, to standard MSSM calculations. Moreover, we compute the gravitino life-time in order to study the viability of the gravitino as a dark matter candidate, but also to show the particular interplay between neutrino physics and gravitino dark matter in our scenario. Conclusions are stated in Section 4.
Split Supersymmetry
Split Supersymmetry is a low energy effective model derived from the MSSM, with all the sfermions and all the Higgs bosons, except for one SM-like Higgs boson, decoupled at a scale m ≫ 1 TeV. The latest experimental results from the LHC point towards this model since no light sfermions have been seen in the laboratory. On the contrary, Split-SUSY makes no restriction on the masses of the charginos and neutralinos, and they can be as light as the electroweak scale. This is not contradicted by the experimental results, since direct production of neutralinos and charginos have a smaller production cross section, and for this reason the constraints on their masses are less restrictive.
The Split-SUSY lagrangian is given by the following expression,
where first we have the Higgs potential for the SM-like Higgs field H, with m 2 the Higgs mass parameter and λ the Higgs self interaction. Second, we have the Yukawa interactions, where Y u , Y d and Y e are the 3 × 3 Yukawa matrices, which give mass to the up and down quarks and to the charged leptons after the Higgs field acquires a non zero vacuum expectation value (vev). As in the SM, this vev satisfies H = v/ √ 2, with v 2 = 2m 2 /λ and v = 246 GeV. In the second line of Eq. (1) we see the 3 gaugino mass terms and the higgsino mass parameter µ. Finally, in the third line we have the new couplingsg u ,g ′ u ,g d andg ′ d between Higgs, gauginos, and higgsinos. These couplings are related to the gauge couplings through the boundary conditions,
valid at the Split-SUSY scale m. The couplings diverge from these boundary conditions due to the fact that the RGE are affected by the decoupling of the sfermions and heavy Higgs bosons. The angle β is defined as usual with the relation In the following sections we are going to study some observables that are useful to constraint the Split-SUSY scenario. However, as we are also interested in neutrino physics and cosmology, we are required to extend the previous lagrangian by adding BRpV contributions and a gravitino sector. Therefore, for numerical results and figures we consider a scan on the 14-dimensional extended Split-SUSY parameter space, which contains the three soft masses, the higgsino mass, the Split-SUSY scale, tan β, six BRpV parameters and the reheating temperature. The details of this scan are shown in appendix A, where we specify the free parameters and some motivations for the chosen intervals. Here, we just want to emphasize that some important experimental constraints, such as the Higgs mass, updated neutrino observables and the dark matter density, are considered for the final selection of points. A systematic study of collider constraints considering the successful points of this scan is left for a future work.
Higgs mass
We start this section pointing out that ATLAS latest SM combined results report a value of m H = 126.0 ± 0.4(stat) ± 0.4(sys) GeV [25] . Besides, CMS collaboration has reported m H = 125.3 ± 0.4(stat) ± 0.5(syst) GeV [26] . Thus, in our scan we impose the constraint 125 GeV < m H < 127 GeV to every point in the parameter space.
In order to properly compute the Higgs mass in Split-SUSY we consider the effects of heavy decoupled particles on the theory at low energy, through the matching conditions at m, plus the resum of large logarithmic corrections proportional to log( m/M weak ) by means of the renormalization group equations (RGEs). Thus, in practice, we follow the same procedure as [27, 45] . Considering these aspects, we determine the scale-dependent lagrangian parameters that are relevant for the Higgs mass computations. Afterwards, the Higgs mass is obtained from the sum of the tree-level contribution, which is proportional to λ(Q), plus quantum corrections resulting from top and gaugino loops. Although the computed Higgs mass should be independent of the scale, it turns out that the truncation of the computations at some finite loop order produces a small scale dependence. Thus, it is costumary to choose Q = M t , with M t the top mass, because at this scale the quantum corrections are sub-leading.
We compute the quartic coupling λ(M t ), and the rest of couplings and masses which are necessary to compute the radiative corrections to the Higgs mass, by using our own numerical implementation of Split-SUSY RGEs, which we take from reference [16] . Besides the matching conditions for Split-SUSY gauge couplings given in Eq. (2), we also take into account the matching condition for λ(Q) at m,
which relates the quartic Higgs coupling to the gauge couplings and tan β. In Split-SUSY the threshold corrections to the Higgs quartic coupling resulting from integrating out the stops are very small, thus the boundary value for λ( m) is just given by the tree level value. Since the boundary conditions are given at different scales, we solve the RGEs by an iterative algorithm that finalize when the numerical values of the considered parameters converge. In Fig. (1) we check the correlation between m and tan β derived from the Higgs mass constraint in Split-SUSY, which for instance can be compared to [15, 30, 45, 46] . We see that the Split-SUSY scale approaches to 4 TeV, as minimum, for increasing values of tan β. Indeed, it must satisfy m ≤ 8 TeV already for tan β ≥ 8. However, greater values of m can be obtained if tan β ≤ 8, with a maximum of m ≃ 10 6 TeV. Note that small values for tan β are not ruled out in Split-SUSY as it is the case in the MSSM. The reason is that the squarks are not there to efficiently cancel out the quantum contribution from the quarks to the Higgs mass. Furthermore, constraints on tan β from heavy Higgs searches, at the LHC or LEP, are not applicable to Split-SUSY.
Neutrino masses and mixings
We are interested in generating neutrino masses and mixing angles, thus we include in the model described by Eq. (1) bilinear R-Parity violating (BRpV) terms [47, 48] . Notice that BRpV terms are also useful in order to relax cosmological constraints on the axion sector [49] . The relevant terms in the lagrangian are
where we have the three BRpV parameters ǫ i , which have units of mass. The dimensionless a i parameters are equivalent to the sneutrino vacuum expectation values, and they appear in the Split-SUSY model after integrating out the heavy scalars. Their existence implies that we are assuming that the low energy Higgs field H has a small component of sneutrino [50] . The corresponding matching condition is given by
where s i = v i ( m)/v with v i the vacuum expectation value of sneutrinos. Neutrinos acquire mass through a low energy see-saw mechanism, where neutrinos mix with the neutralinos in a 7 × 7 mass matrix,
written in the basis
. The high energy scale is given by the neutralino masses, described by the 4 × 4 mass matrix,
which is analogous to the neutralino mass matrix of the MSSM, with the main difference in the D-terms: since there is only one low energy Higgs field, these terms are proportional to its vev v. In addition, these terms are proportional to the Higgs-gaugino-higgsino couplings described earlier. The BRpV terms included in the Split-SUSY lagrangian generate the mixing matrix m,
We see here the supersymmetric parameters ǫ i and the effective parameters a i , analogous to the sneutrino vevs in the MSSM, described in Eq. (4). It is well known that this mixing leads to a neutrino effective 3 × 3 mass matrix of the form
where we have defined the parameters λ i = a i µ + ǫ i . This mass matrix has only one non-zero eigenvalue, and thus only an atmospheric mass scale is generated. In Split-SUSY models, one-loop contributions to neutrino masses do not generate a solar mass difference, as it is done in the MSSM. A possible way out is the introduction of a dimension-5 operator that gives a mass term to the neutrinos after the Higgs field acquires a vev. This operator may come from an unknown quantum theory of gravity [31, 51] . Assuming a lower than usual Planck scale, as suggested by theories with extra dimensions, the contribution to the neutrino mass matrix can be parametrized as follows
where µ g gives the overall scale of the contribution, and flavor blindness from gravity is represented by the matrix where all the entries are equal to unity. This texture is not modified by the block diagonalization of neutralinos and neutrinos in the BRpV scenario. Thus, we are formally assuming that this contribution is democratic in the gauge basis. Then, the effective neutrino mass matrix is given by,
In this work we re-compute the values for the parameters A, λ i and µ g in order to account for up-to-date measurements of neutrino observables [52] . First of all, we notice that successful points for neutrino observables considered in reference [31] are not necessarily consistent with updated 95% confidence level intervals. Nonetheless, we are still able to find several points with this confidence level, that are also consistent with the analytical expressions for square mass differences and mixing angles derived in the latter reference. These expressions are given by,
which are valid approximations in the regime A|λ| 2 ≫ µ g and λ 2 1 ≪ λ 2 2 + λ 2 3 , with v = (1, 1, 1). Notice that this regime is naturally selected by a blind Monte Carlo scan. For instance, in Fig. (6) of [31] it can be seen that the solar mixing angle is the main reason for selecting this zone of the parameter space. In our scan, we consider these approximations to speed-up the search of successful points because we think that this approximation is quite unique considering the neutrino mass texture given in Eq. (11) . Interestingly, the condition A|λ| 2 ≫ µ g also implies that only normal hierarchy is allowed in our model. In Fig. ( 2) the correlation between the combination A 2 |λ| 4 and the atmospheric mass is shown, where we highlight the effects of observational improvements on the allowed intervals for the input parameters. Figure 2: Atmospheric mass correlation. The output of our scan corresponds to the value of ∆m 2 atm , which is shown along the x-axis just to simplify the reading of experimental 3σ bounds.
Unstable neutralino
The introduction of BRpV terms in the Split-SUSY lagrangian, which are useful in order to explain neutrino physics, implies that the lightest SUSY particle is unstable. Therefore, the usual approach of considering the neutralino as a dark matter candidate is essentially forbidden in this scenario. In order to make this point much clearer, we explicitly calculate the life-time of the lightest neutralino. In practice, it is enough to consider on-shell two-body decay channels, which are given by χ 0 1 → Hν, Zν, W ± l ∓ . The corresponding Feynman rules are given in the appendix B. It is worth to notice that the neutralino-neutrino couplings in the neutrino mass basis in general involve the U PMNS mixing matrix, however we do not consider this dependence because it disappears when we sum over all the neutrino species since U PMNS is unitary. Also, it is interesting to notice that all the couplings are independent of ǫ i (see details in appendix B). In color we show the values that span the parameters ǫ i . Thus, it can be seen that there is no correlation between the values of the neutralino life-time and these parameters.
In Fig. (3) we show the results concerning the neutralino life-time obtained from our scan. We see that the life-time is strictly shorter than 10 −11 sec in the whole mass range. This result is sufficient to verify that a neutralino dark matter candidate, with m χ ≥ 200 GeV, is not allowed in Split-SUSY with BRpV because it decays overly fast. On the other hand, we are quietly safe from BBN constraints on unstable neutral particles [33] [34] [35] [36] , which are easily avoided when the life-time is shorter than 0.01 sec. Considering that BBN constraints are not an issue, in the following section we introduce a gravitino as the lightest SUSY particle (LSP) in order to account for dark matter.
But, before moving to the gravitino dark matter section, let us briefly comment about the phenomenology of short-lived neutralinos in the context of collider searches at the LHC. When the neutralino life-time is larger than 10 −12 sec (m χ 0 ≤ 300 GeV in our scenario) the produced neutralinos should decay inside the tracker inner detector of ATLAS [53] , allowing the reconstruction of the corresponding displaced vertex (CMS requires τ ≥ 10 −11 sec [54] ). Instead, if the life-time is much shorter, the collider searches must rely on the measurement of some excess of events over SM background in multilepton or multi-jet channels. In order to specialize these searches to our scenario it is useful to know the neutralino BRs. In our scan we assume that the decay width is mostly accounted by the on-shell final states Zν, Hν and W ± l ∓ . Then, the corresponding BRs are computed with respect to the sum of these three channels. The results are shown in Fig. (4) . It can be seen that light neutralinos prefer to decay into Zν, especially in the region of displaced vertex searches (notice that the neutrino makes this search quite challenging). However, when the neutralino is heavy enough the BRs into Zν and Hν become very similar and close to 40% each. The BR into W ± l ∓ is in general subdominant and rarely overpass the 30% level. These results must be used as a guidance for the search of neutralinos at the LHC, but also strictly considered in combination with the life-time and production cross sections to constrain the model. To the left side of the vertical dotted line the neutralino life-time is able to be larger than 10 −12 sec, allowing collider searches based on the reconstruction of a displaced vertex. To the right side, the life-time is much shorter and the neutralino would decay almost instantaneously after being produced.
Gravitino Cosmology
Supersymmetric models with a gravitino-LSP represent an attractive scenario in order to accommodate dark matter observations [55] [56] [57] [58] [59] [60] [61] [62] [63] . For instance, the thermal gravitino relic density has been computed and successfully connected to observations in the context of conserved R-Parity [56] [57] [58] [59] . Furthermore, it has been shown that even allowing R-Parity violating terms these results still remain positive [60] [61] [62] [63] . Although in RpV scenarios the gravitino is allowed to decay at low temperatures, it has been shown that in general it remains stable for time scales comparable to the age of the universe. Indeed, the gravitino is naturally meta-stable since the interactions are doubly suppressed by both the smallness of the RpV terms and the Planck mass.
In the context of Split-SUSY, we consider that in order to compute the thermal gravitino relic density it is necessary to study the potential effects of the mass scale m ≫ 1 TeV for scalar sparticles. For instance, the introduction of this arbitrary scale implies that during the thermal history of the universe there is an abrupt change on the amount of relativistic degrees of freedom around the temperature T ≃ m. This behavior is remarkably different to the natural MSSM scenarios 1 and in principle it may affect the standard computations of the gravitino relic density. In this section we show that, under reasonable assumptions concerning the Split-SUSY scale and the reheating temperature, the relic density formula in Split-SUSY is equivalent to the MSSM result. In addition, we compute the gravitino life-time in order to study the particular interplay between neutrino physics and dark matter obtained in our scenario.
Gravitino relic abundance
We assume that the evolution of the early universe is determined by the standard model of cosmology [64, 65] . In this approach, it is assumed that after the Big Bang the universe experiments an inflationary phase, which is triggered by the dynamics of a slow-rolling scalar field [66] [67] [68] . During this phase, the energy density is dominated by vacuum energy, such that the universe expands exponentially. Also, it is commonly assumed that any trace of pre-inflationary matter and radiation is diluted to negligible levels, with the corresponding supercooling of the universe. The inflationary phase concludes when the inflaton field reaches the bottom of the scalar potential, such that the universe becomes matter dominated. During this stage, the inflaton starts to decay more rapidly into other forms of matter and radiation, giving rise to the radiation dominated phase.
In general grounds, it is possible to conceive that during the last stages of inflation some amount of gravitinos are non-thermally generated through inflaton decays. Moreover, it has been shown that this mechanism can be very effective [56, 69, 70] , and even dangerous concerning observational constraints. However, these results are strongly dependent on the inflationary model. For example, it is possible to construct a supersymmetric model where this mechanism of production can be safely neglected [71] . Thus, in order to avoid deeper discussions about the inflationary model, this mechanism of production is not considered in the realm of this work.
Leaving aside the non-thermal production of gravitinos, it turns out that the total amount of energy stored in the inflaton field is progressively transformed into relativistic matter. This process increases dramatically the temperature and entropy of the universe. When this phase is completed, the universe reaches the reheating temperature T R . Depending on the magnitude of T R , the gravitino could become in thermal equilibrium with their environment during the post-reheating period. In this scenario, a very light gravitino may account for the observed DM relic density. However, it has been shown that this scenario is quite difficult to achieve [72] . Instead, we assume that the gravitino is out of thermal equilibrium and in addition their initial number density is required to be negligible. Therefore, the gravitino relic density is generated from the scattering and decays of particles, which are indeed in thermal equilibrium in the plasma.
In order to compute the gravitino relic density we consider the approach of [37] 2 . This reference considers a minimal version of supergravity in four dimensions with N=1 supersymmetry, or equivalently the MSSM with minimal gravitino interactions. Also, it is important to notice that at the computational level it is used that m SUSY ≪ T R , where m SUSY is the common mass scale of supersymmetric particles.
For the following discussion it is convenient to consider an instantaneous reheating period 3 . Thus, the energy stored in the inflaton modes is suddenly transformed into radiation energy. This is equivalent to starting the thermal history of the universe from a Big Bang with a maximum temperature T R . Then, the expression for the gravitino comoving density Y 3/2 (T ), evaluated at a temperature T ′ such that T R ≫ T ′ ≫ m SUSY , is given by
where n 3/2 (T ) is the gravitino number density, s(T ) ∝ T 3 is the entropy, H(T ) ∝ T 2 is the Hubble parameter and C 3/2 (T ) is the collision factor that determines the rate of gravitino production at a given temperature. For the computation of this rate it is sufficient to consider interactions only between relativistic particles. This is because the number density of non-relativistic particles is exponentially suppressed and therefore their contributions can be neglected. Indeed, it is assumed and finally verified that the relevant temperatures for the computation of the relic density are much greater than m SUSY , then the relativistic approximation is applied to every particle of the MSSM. After pages of computations, considering several contributions to the collision factor, it is finally obtained that
is a function that varies very slowly with the temperature. Interestingly, this result 2 In the first stages of our work we have considered [58] and just recently we have been brought to [37] . The latter reference improves importantly the computations of the relic density in the regime gs(TR) ∼ 1, which allows us to consider points with TR ∼ 10 5 GeV. 3 The main idea of the discussion is not modified by pre-reheating features because we are interested in temperatures T ′ such that TR ≫ T ′ ≫ mSUSY. However, as the correction is approximately 25% after considering non-instantaneous reheating, we use the full result for the relic density.
indicates that the gravitino production is only efficient around the reheating epoch. In practice, it is enough to consider T ′ sufficiently smaller than T R in order to obtain, with a good level of accuracy, the gravitino comoving relic density that is valid for any temperature in the future.
Therefore, considering that Split-SUSY is equivalent to the MSSM at scales greater than m, we notice that within the region of the parameter space restricted by m ≪ T R the expression for the gravitino relic density in Split-SUSY is equivalent to the MSSM result. Thus, the normalized relic density is given by,
= 0.167 m 3/2 100 GeV T R 10 10 GeV
where T 0 = 2.725K is the CMB temperature today, s(T 0 ) = 2.22 × 10 −38 GeV 3 is the current entropy density and ρ c (T 0 )h −2 = 8.096 × 10 −47 GeV 4 is the critical density. The sum over N takes into account the contribution from the degrees of freedom associated to the gauge groups of the MSSM, i.e. U (1), SU (2) and SU (3) respectively. The functions f N (α N g N (T R )), with α N = { √ 11/2, 3/2, 3/2}, are the "improved" rate functions of the MSSM, which we get from Fig. (1) of [37] . The other parameters are n N = {1, 3, 8}, C N = {0, 6, 24} and C ′ N = {11, 21, 48}. Also, we set A t (T R ) = 0. Notice that the gaugino masses M N and gauge couplings g N are evaluated at the reheating temperature.
The complementary region of the parameter space, m > T R , is not further developed in our work. Indeed, this region is highly discouraged by taking into account the typical values of T R which are considered in models of baryogenesis through high scale leptogenesis [73, 74] and the values obtained for m from the Higgs mass requirement.
In our scan we generate every parameter of the model at low energy scales. For instance, gauge couplings are defined at M W , the top Yukawa coupling at M t and soft masses at M ino . Thus, in order to evaluate the couplings and gaugino masses at T R we use a three step approach for the running of the parameters. We use the SM RGEs between M W and M ino , then the Split-SUSY RGEs between M ino and m and finally the MSSM RGEs from m until T R . In order to have control of the energy scales we take the reheating temperature as a free parameter, then we assume that the gravitino saturates the dark matter density in order to obtain its mass from Eq. (14) . We have checked that by using the Eq. (14) instead of the expression given in [58] we obtain gravitino masses which are as much as 50% bigger.
In Fig. (5) we show the allowed combinations between the reheating temperature, gravitino mass and gaugino scale in order to obtain the observed dark matter density, Ω DM h 2 = 0.1196 ± 0.0031 [39] . We see that the boundary values of m 3/2 are positively correlated to the values of M ino for each value of the reheating temperature. From the Higgs mass requirement we have obtained that the minimum accepted Split-SUSY scale is m = 4 × 10 3 GeV. Then, in order to satisfy the approximation T R ≫ m we consider reheating temperatures in the interval 10 2 m < T R < 10 6 m. Consequently the minimum reheating temperature that we accept is T min R = 4 × 10 5 GeV. At this temperature the strong coupling constant is approximately g s (T min R ) ≃ 0.94. Concerning the recent results from BICEP2 [75] , which suggest that the inflation energy scale is such that V 1/4 inf (φ) ≃ 2.2 × 10 16 GeV for a tensor-to-scalar ratio r ≃ 0.2, we must point out that the reheating temperature is not necessarilly required to be that high. In generic inflationary models the reheating temperature is mostly defined in terms of the inflaton decay width, which could be related to the inflaton potential but it depends essentially on the specific model of interactions between the inflaton and the rest of particles. In our work we consider the inflaton decay width, or equivalently the reheating temperature, as a free parameter.
Gravitino life-time
Once we allow BRpV terms in the Split-SUSY lagrangian, every supersymmetric particle, including the gravitino, becomes unstable. Fortunately, it turns out that in the considered mass range, m 3/2 < m H , the gravitino life-time is considerably larger than the age of the universe, which guarantees the necessary meta-stability required for the dark matter particle. However, the meta-stability of the gravitino opens the possibility for the indirect observation of dark matter through the detection of gamma-rays or charged particles of cosmic origin. Instead, the non-observation of some excess with respect to the background on these searches are useful to constrain the parameter space allowed by the model. Therefore, in order to study the experimental potential and consistency of our dark matter scenario it is unavoidable to consider the life-time of the gravitino.
Some works considering the gravitino life-time and its experimental potential in the MSSM with RpV terms are given by [40, 41, 61, 63, 76] . Moreover, the gravitino life-time has been studied in the context of Partial Split-SUSY with BRpV [62] considering all the available channels in the mass range m 3/2 < m H . Because of the similarity between the latter model and our scenario, we consider the nomenclature, mass range, and several intermediate results from this reference. However, there are explicit model dependent features that deserve some consideration, such as the explicit form of the gravitino to matter couplings and the relation between BRpV parameters and neutrino observables.
For the sake of clarity, the details about the computations of the gravitino decay in Split-SUSY with BRpV are reserved to the appendix C. Indeed, in order to study the main features of our scenario, it is enough to consider the factorized expression for the gravitino decay width,
where the index i run over all available channels in the range m 3/2 < m H , i.e. U = {γν j , W * ν j , γ(Z * )l j } where j is a family index and the two-body notation W * ν j or γ(Z * )l j implies the sum over all three-body decays for a fixed j. The functions g i (m 3/2 ) involve complicated integrals over the phase space of the three-body final states that in general must be evaluated numerically. However, each function h i is analytical and relatively simple. Furthermore, it is obtained that every factor h i is proportional to |λ| 2 . Thus, we have that the total gravitino decay width is proportional to |λ| 2 , as it is the general case in SUSY with BRpV scenarios. Interestingly, in Split-SUSY the term |λ| 2 is proportional to the neutrino atmospheric mass but it is independent of the solar mass, check the first lines of Eq. (12). This is not the case in the MSSM and Partial Split-SUSY, where the quantity |λ| 2 (or |Λ| 2 to be exact) can be related to the solar mass as well. As the life-time is inversely proportional to the decay width and ∆m 2 atm ≫ ∆m 2 sol we expect typical values of the gravitino life-time in Split-SUSY to be smaller than the values obtained in the MSSM and Partial Split-SUSY. Furthermore, we can use Eq. (12) and the approximationg ≪ 1 in order to obtain that
where the parameters |λ| 2 and µ were traded for the atmospheric mass, whose value is tightly restricted by neutrino experiments. This expression is useful to visualize the subset of Split-SUSY parameters that determine the gravitino life-time. At first sight, we just need to fix the parameters (
in order to obtain both the lifetime and the corresponding BRs. Below, we test this hypothesis against exact numerical computations of Γ 3/2 and derive the effective set of parameters that do the job. Also, we include some approximated life-time bounds for the considered scenarios in order to verify that at least light gravitinos are still allowed in our model.
Assuming that Eq. (16) is a valid approximation, we see that the gravitino branching ratios and the total decay width should be determined by M 1 and M 2 plus some noise coming from the values ofg d andg ′ d , which depend onm and tan β. Indeed, this feature can be checked in Fig. (6) (top panel) , where we have fixed M 1 = 300 GeV and M 2 = 2M 1 while we vary the rest of parameters as usual and require the Higgs mass and neutrino physics to be satisfied. In this figure, we also show the bounds on the gravitino life-time obtained in [41] for the same values of M 1 and M 2 . These bounds are approximated because the previously cited reference only considers RpV terms in the tau sector. Below 10 GeV, we consider the bounds obtained in [77] in the regime BR(ψ 3/2 → γν) = 1. In order to construct the boundary line, we correct the life-time bounds using our BRs. In practice, we just consider the BR-corrected values of τ max 3/2 for m 3/2 = 1, 5 and 10 GeV. Extending the discussion to scenarios where M 2 = 2M 1 , we have found that in general the distribution of points in the plane (m 3/2 , τ 3/2 ) is more diffuse, in particular when M 2 is very similar to M 1 , because the noise from the couplings becomes more important. When this is the case we just need to fix tan β because m should be restricted from the Higgs mass value. An example of this kind of scenario can be seen in Fig. (6) (bottom  panel) . We see that the life-time and three-body BR are fixed for each value of m 3/2 . Notice that in the MSSM with BRpV, the life-time would still depend on |λ| 2 . In order to have a conservative idea of the corresponding bounds, we include the limits obtained in [41] for the point M 1 = 1 TeV and M 2 = 2M 1 . We choose this point because the three-body BR behaves similarly to our scenario. Below 10 GeV we consider the same reference and procedure as before.
By simple inspection of the bottom (top) panel of Fig. (6) , we notice that the region m 3/2 > 8 (2) GeV is strongly disfavored. However, we see that masses below 10 (2) GeV are still viable. A more systematic study of these issues, considering a complete scan of the space of (effective) free parameters and complementary bounds derived from several experiments, is left for another work.
Instead, we would like to emphasize the main result of this section. We have shown that, after considering the constraints derived from the Higgs mass value and three generation neutrino observables, the space of free parameters which are relevant to investigate gravitino dark matter indirect searches in Split-SUSY with BRpV is effectively given by a 4-dimensional parameter space (notice that the original parameter space is 14-dimensional). Indeed, without loss of generality, we can define the effective parameter space as (m 3/2 , M 1 , M 2 , tan β).
During the last stages of our research we have realized that the gravitino life-time could be indeed bounded from above for each gravitino mass, which would be an interesting result in order to impose more general constraints to our model. For instance, in the regime M 1 ≃ M 2 and tan β > 10 we have found that the absolute maximum always exist, and it is obtained for M 1 ≃ m 3/2 . A general study of this issue is under preparation. 
Summary
In order to accommodate the dark matter paradigm, we consider the simplest supergravity extension of supersymmetry in the Split-SUSY scenario with BRpV, with the gravitino as a dark matter candidate. We find this model consistent with the measured relic density, with the Higgs boson mass, and with the neutrino observables. Furthermore, the NLSP (neutralino) decays fast enough to avoid constraints from BBN. Two and three body gravitino decays are calculated, and the total decay life-time is found to be larger than the age of the Universe. In Split-SUSY with BRpV we find that the atmospheric neutrino mass squared difference is directly related to the gravitino life-time. This makes the model more falsifiable because once the gravitino BR and mass are determined, so it is its life-time (this is not the case in the MSSM with BRpV). We numerically impose that the Higgs mass is around 126 GeV. In Split-SUSY this implies that tan β is related to the Split-SUSY mass scale m, and found it to be relatively low, 4 TeV < ∼ m < ∼ 10 3 TeV. The typical values for the reheating temperature satisfy m ≪ T R , which allow us to use the standard expressions for the gravitino relic density, using Split-SUSY RGEs. Besides, BBN constraints to NLSP decays, in our case the lightest neutralino, impose limits on its life-time. They are easily satisfied in Split-SUSY with BRpV, since the neutralino life-time satisfies τ χ < 10 −11 sec. The main decay mode is via the BRpV terms λ i , with the decay modes into gravitinos subdominant.
We include updated neutrino physics constraints, including solar and atmospheric mass squared differences, and mixing angles. In Split-SUSY with BRpV in three generations we explain the atmospheric mass but we need an extra mass term, motivated by a higher dimensional gravity operator, for the solar mass. The flavour blindness of the extra operator implies that the atmospheric mass is solely explained by BRpV terms. This is the origin of the direct relation between the neutrino atmospheric mass and the gravitino life-time.
We show that the gravitino life-time is sufficiently large in comparison to the age of the universe. However it can decay into a photon and a neutrino (two-body decay) or other charged fermions (three-body decay). Dark matter indirect searches are, therefore, essential. A complete analysis in this model needs to incorporate experiment information and Monte Carlo simulations into the constraint we have presented in this work. We notice that in our scenario, the interplay between the Higgs mass, neutrino observables and gravitino sectors reduces the parameter space that determines the gravitino life-time and branching ratios. Indeed, it is a four-dimensional space which is effectively given by M 1 , M 2 , tan β and m 3/2 .
In summary, the performed general study of Split-SUSY with BRpV and the gravitino as dark matter candidate, including gravitino relic density, life-time, Higgs mass, neutrino physics, and NLSP decays, allow us to see internal correlations that makes it a more falsifiable model.
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Appendix

A Monte Carlo scan
In order to study the interplay between the Higgs, neutrino and dark matter sectors of our model we run a Monte Carlo scan considering the parameter space of Split-SUSY with BRpV plus the gravitino sector. We select those points that satisfy simultaneously some of the most relevant experimental observations regarding these three sectors. The parameters and the corresponding intervals are given in the following Effective gravitational mass parameter We choose a common scale M ino for gaugino masses, such that M 1 , M 2 and M 3 get values close to M ino . Thus, we can decouple simultaneously, at the scale M ino , the three gauginos from RGE computations. Indeed, for RGE computations we consider the SM content below M ino , Split-SUSY between M ino and m and MSSM above m. Also, we consider M 1 < M 2 < M 3 in order to produce a neutralino NLSP. This hierarchy is also useful to avoid stringent collider constraints from the direct production of gluinos. The Split-SUSY scale m is chosen such that the Higgs mass is efficiently reproduced. The reheating temperature is chosen to be greater than m in order to use standard expressions for the gravitino relic density, see Section 3.1. The intervals for each λ i are indirectly obtained depending on the value of the ratioĀ/A, where A is a function of gaugino masses and couplings, see Section 2.2, andĀ = −1000 eV/ GeV 2 is an arbitrary normalization, such that in the case A =Ā, the obtained intervals for λ i reproduce a good point for neutrino physics in a reasonable time. The BRpV parameters ǫ i , which are independent of λ i , also are generated randomly but they do not affect any computation relevant for this work.
Every point that is recorded to show the final results has to satisfy three experimental constraints in the following order. The Higgs mass is required to lie in the interval [125 GeV, 127 GeV]. This constraint determines the relation between tan β and m. Then, we require that current experimental values for neutrino physics given in [32] are reproduced with a 95% confidence level each. Finally, we require that the gravitino relic density satisfies the 68% confidence level interval computed by Planck [39] . The latter fixes the mass of the gravitino. The efficiency of this process of selection is roughly 60% with respect to the initial generation of points.
B Neutralino decay
In Split-SUSY with BRpV the lightest neutralino is not stable, so it is important to show that it decays fast enough to play no relevant role in the early universe. The neutralino decays with different supersymmetric particles as intermediaries. Nevertheless, in Split-SUSY the squarks and sleptons are too heavy to contribute to the decay rate. In this situation, the neutralino decays only via an intermediate Z and W gauge boson, and via the Higgs boson H.
If χ 0 1 decays via a Z boson, a relevant Feynman rule is
where N corresponds to the 7 × 7 neutralino/neutrino diagonalizing mass matrix, analogous as in [47] for the MSSM. Similarly, the relevant coupling in the decay via a W gauge boson is,
with U and V the 5 × 5 chargino/charged leptons diagonalizing matrices. Note that in both cases the coupling constant involved is the usual gauge coupling g, but it runs with the Split-SUSY RGEs. If the neutralino is heavier than 125 GeV, it can relevantly decay also via a Higgs boson. The coupling is,
with a k corresponding to the effective parameters in Eq. (8) .
In our numerical calculations we use the above Feynman rules. But in order to get an algebraic inside to the situation, we use the block-diagonalization approximation. The inverse of the neutralino mass matrix in Eq. (7) in Split-SUSY is,
where the 2 × 2 sub-matrices are equal to,
I hg = (I gh ) T , and the determinant given by,
Using these results, the small parameters contained in the matrix ξ = mM −1 χ 0 are,
) tends to zero as the Split-SUSY scale approches the weak scale, and in many applications can be neglected, as done in [48] . We also use the short notation ξ i1 = ξ 1 λ i , ξ i2 = ξ 2 λ i , ξ i3 = ξ 3 λ i − ǫ i /µ, and ξ i4 = ξ 4 λ i . Using the parameters in Eq. (23) we can find the effective neutrino mass matrix in Split-SUSY given in Eq. (9) .
The rotation matrix that block-diagonalizes the neutralino/neutrino mass matrix, including the diagonalization in the neutralino sector but not in the neutrino one, is
with N the 4 ×4 diagonalizing neutralino matrix. If we specialize F 0 i → ν i and F 0 j → χ 0 j in the ZF 0 i F 0 j coupling in Eq. (17), and using Eq. (24) we find,
In the case of charged leptons, in Split-SUSY the chargino/charged lepton mass matrix is given by,
where the chargino sub-matrix and its inverse are,
The small parameters in this case are given by the matrix elements of ξ L = EM −1 χ + , and since the matrix elements in E ′ are proportional to the charged lepton masses, the analogous ξ R ∼ m ℓ ξ L are usually neglected. Given that,
the relevant small parameters in the charged sector are,
The rotation matrices that block-diagonalize the chargino/charged lepton mass matrix, are
If we specialize
Now, regarding the Higgs contribution to the neutralino decay, if we specialize the coupling in Eq. (19) to F 0 i → ν i and F 0 j → χ 0 j we get,
The results in eqs. (25) , (31) , and (32) tells us that the neutralino decay depends only on λ i (and not on ǫ i ).
C Gravitino decay
The relevant gravitino to matter couplings in Split-SUSY with BRpV can be computed by following a top(MSSM)-down(Split-SUSY) approach. Thus, we start by considering the gravitino to matter couplings in the MSSM with BRpV scenario [78] . As we are interested in the gravitino decays, we just consider vertices that include one gravitino, one neutral or charged lepton plus a gauge boson. Typically, these couplings are proportional to mixing matrix elements, which are different from zero because of the BRpV terms. Finally, we use the matching conditions defined in Eqs. (2) and (5) to recover the couplings in pure Split-SUSY with BRpV language. Thus, we obtain
where M P = 2.4×10 18 GeV is the reduced Planck mass. The mixing matrix elements can be computed analytically by using the small lepton mass approximation, i.e. when the neutralino/neutrino and chargino/charged lepton BRpV mixing terms are much smaller than soft masses and the µ term, thus
where M SS χ 0 and M SS χ ± are computed in [48] . Although the couplings and mixing matrix elements are written in the gauge basis we have to recall that computations of the amplitudes has to be done in the mass basis, which in principle requires that some U PMNS factors should be included in the couplings. Fortunately, it turns out that after summing over the three families of neutrinos, these mixing matrix elements cancel out because of the unitarity of the U PMNS matrix. Also, it is interesting to notice that there is a simple map between the couplings and the mixing matrix elements of Split-SUSY and Partial Split-SUSY (MSSM), which is explicitly shown in appendix D. Now, by following the approach of [62] , we compute the main contributions to the gravitino decay width in the region 0 < m 3/2 < m H considering two-and three-body final state channels. We use the approximation of massless final states, but we consider exact mass thresholds. As shorter life-times are more challenging, experimentally speaking, the approximation of massless final states and exact thresholds is a conservative approach. In order to consider different contributions systematically, we factorize the total decay width as
where by definition g i is a function with mass dimension and h i is a dimensionless function. For a fixed value of m 3/2 , the functions g i are just numbers. This allows us to write the total gravitino decay width as a sum of constant coefficients times functions of Split-SUSY parameters. The index i runs over all the possible final states considered for the gravitino decay, i.e. U = {γν j , W * ν j , γ(Z * )l j } where j is a family index and the two-body notation W * ν j or γ(Z * )l j implies the sum over all three-body decays for a fixed j. For instance, for i = 0 we consider the contribution from the two-body decay which is given by just one channel. For the three-body decays we consider 5 different channels, then i runs from 1 to 5 for single square amplitudes. Finally, we consider i = mn with m, n = 1..5 and m = n for mixing terms between different channels. The contribution of the two-body decay is given by the decay of the gravitino into a neutrino plus a photon, whose expression is given by
2 ) such that
The contributions to the three-body decay are given by the decays of the gravitino into a fermion/anti-fermion pair plus a neutrino. The intermediate channels include the virtual exchange of γ, Z and W ± bosons. Then, in general the functions g i can be written as 
where the functions f i are dimensionless and s and t are the usual Mandelstam variables. Following this notation, the corresponding matrix amplitudes are given by |M i | 2 = f i h i . The explicit expressions for the functions f i in Split-SUSY are given by where q f is the charge of the fermion, such that q e = √ 4πα 2 , that couples to the photon in the corresponding sub-diagram and the terms T ij are defined in the same way as [62] . The corresponding functions h i are given by 
where the arrow at the third row indicates the application of the map. In the same way we can recover all the relevant couplings in the Split-SUSY scenario. Notice that in [62] it is necessary to correct the terms gΛ i byg d Λ i . Approx. Bounds
